Crystallization and phase separation are severe degradation mechanisms of photorefractive (PR) guest-host systems. Additionally, the response time of PR guest-host systems is in some cases limited by a large contribution of slow chromophore reorientation to the PR effect. The synthesis of fully functionalized systems with glass transition temperatures well above room temperature is a way to restrict these degradation mechanisms and to reduce the PR effect to a pure charge generation and transport phenomenon. We present novel, fully functionalized PR polymers based on polyester. Permanent poling of the systems is demonstrated and quantitatively investigated. The PR properties are measured by degenerate four-wave mixing and two-beam coupling experiments as a function of the external electric field and the degree of permanent poling. One of the systems shows response times of approximately 200 ms with ⌬n Ϸ 1 ϫ 10 Ϫ3 . To our knowledge, this work presents the first characterization of PR efficiencies for fully functionalized polymers as a function of the permanent Pockels coefficient (2) (Ϫ;, 0). © 1998 Optical Society of America [S0740-3224(98)01310-1]
INTRODUCTION
The photorefractive (PR) effect is characterized by a spatial modulation of the index of refraction, ⌬n, induced by a light-intensity pattern, whereby the former is spatially shifted with respect to the latter. 1 Generally, PR materials combine photocharge generation, transport, and trapping, as well as electro-optic (EO) properties. The different properties are provided by several chemical functionalities, which may be incorporated into the material in different ways. Until now, the most efficient PR materials have been guest-host polymers in which nonlinear-optical chromophores are doped into a photoconducting polymer host. [2] [3] [4] [5] High doping levels of the chromophores lower the glass transition temperature T g of these systems to values near room temperature or even below. The resulting low viscosities provide good orientational mobility of the dopant molecules. As a consequence, the PR performance is improved by the orientational enhancement effect. 6 This effect is also observed in PR organic glasses 7 and PR liquid crystals. 8 The achievable internal diffraction efficiencies are as high as 100%, the modulation amplitude of the refractive index exceeds 1 ϫ 10 Ϫ2 , and the response times of these systems reach down to 50 ms. 4 However, many of the guest-host systems exhibit short shelf lifetimes because of their inherent tendency of crystallization and phase separation of the molecular components. For the case of large-sized nonlinear-optical chromophores, their reorientation that is due to the enhancement effect additionally limits the speed of these systems. 9 We have overcome these limitations by the synthesis of fully functionalized PR polymers in which the chromophores are attached to the polymer backbone in a pseudo-main-chain-like fashion. Recrystallization and phase separation are completely eliminated by this approach. Samples prepared in August 1997 do not exhibit any sign of degradation or loss in optical quality. Together with a T g well above room temperature, this design substantially restricts chromophore reorientation. It converts the PR effect in these polymers to an almost pure charge generation and transport phenomenon (similar to PR crystals). Consequently, the response time of this material is not limited by orientational processes of the chromophores. Figure 1 shows the investigated PR polymers (PCDI:TNF) and (PCDT:TNF). Carbazole moieties and Disperse Red-based nonlinear-optical chromophores are covalently attached to a polyester backbone in statistical order. Carbazole and Disperse Red are commonly used chargetransporting and nonlinear-optical moieties. To decrease the mobility of the chromophores, they are directly attached to the polymer main chain in a transverse fashion (pseudo-main-chain architecture 10 ). A small amount (1% w/w) of TNF was added to each system as a sensitizer for the photogeneration of charge carriers. The calorimetric glass transition temperature T g has been determined by differential scanning calorimetry as T g ϭ 42°C for both PCDI:TNF and PCDT:TNF. Although these T g values cannot compete with the T g of today's state-of-the-art nonlinear-optical polymers, 11 they are, in combination with the pseudo-main-chain design, sufficiently high to prevent chromophore reorientation at room temperature and to enable permanent poling. The molecular weights (M w ) of the polymers as determined by gel permeation chromatography were 1800 g/mol and 2000 g/mol for PCDT:TNF and PCDI:TNF, respectively.
MATERIAL

EXPERIMENTS AND RESULTS
The linear EO effect (Pockels effect) in organic PR materials requires a noncentrosymmetric alignment (poling) of the nonlinear-optical chromophores with nonzero first hyperpolarizability and nonzero ground-state dipole moment. For guest-host systems, poling is achieved by an orientation of the chromophores in an external electric field, which is applied in situ during the PR measurements. Since chromophore orientation for the investigated systems is restricted at room temperature, the optical nonlinearity has to be induced by thermal poling before the PR experiments. The chromophore alignment was measured in situ by second-harmonic-generation (SHG) experiments, 10 in which the radiation of a pulsed Nd:YAG laser emitting at a wavelength of ϭ 1064 nm penetrated the PR material and the generated frequencydoubled signal was recorded behind the sample. Figure  2 shows the SHG intensity as a function of time for a typical poling process. An electric field is being applied to the sample (a) while it is simultaneously heated. When the poling temperature (45°C) is reached (b), it is kept constant until an orientational equilibrium is obtained (c). Finally, the sample is cooled down to its initial temperature, and the field is switched off (d). As can be seen in Fig. 2 , a permanent orientation of the chromophores remains. The signal steps at a and d are caused by (3) contributions to the SHG signal. 12 Absolute values of the EO coefficient 33 (2) (Ϫ; , 0) were obtained as a function of the poling field in an ellipsometric setup 13 ; they are shown in the inset of Fig. 2 for ϭ 633 nm. The linear dependency of 33 (2) (Ϫ; , 0) on the strength of the poling field E is expected by the standard model for organic nonlinear-optical materials. 12 Investigations of the longterm stability of the poling show that the EO coefficient 33 (2) (Ϫ; , 0) exhibits a loss of 30% within the first 24 hours and a second 30% decrease within 14 days. The holographic experiments were carried out instantly after the poling procedure, so that the absolute values of 33 (2) (Ϫ; , 0) in Fig. 2 can be applied. For the PR characterization of the material, two coherent diode laser beams at a wavelength of ϭ 670 nm and an intensity of I ϭ 1.2 W/cm 2 were intersected within the sample to yield an interference pattern with a grating period of 4.0 m. At ϭ 670 nm the refractive index of the systems was determined ellipsometrically as n ϭ 1.78. The angle between the beams was 17°, and the sample was tilted by an angle of ⍜ ϭ 60°with respect to the direction of incidence. We performed two-beam coupling experiments to prove the presence of energy transfer between the writing beams, induced by the spatial phase shift of the modulation of the refractive index, ⌬n, with respect to the light-intensity distribution. The gain coefficient ⌫ is given by
where d is the thickness of the sample, ␤ is the ratio of the power of the writing beams before the sample, and ␥ 0 is given by [power of beam 1 (beam 2 on)]/[power of beam 1 (beam 2 off )] behind the sample. Degenerate fourwave mixing experiments were carried out, where the induced ⌬n grating is probed by a third beam that is diffracted off the grating. We measured the time-and electric-field-dependent diffraction efficiencies, defined as the ratio between the diffracted and the incident power of the reading beam. The degenerate four-wave mixing experiments also yield the response time and the magnitude of the modulation of the refractive index, ⌬n. The internal diffraction efficiency is given by
where ⍜ 1 and ⍜ 2 are the angles of incidence of the two writing beams, d is the thickness of the sample, and e 1 and e 2 are unit vectors along the electric field of the incident and the diffracted beams, respectively. Figure 3 shows the gain coefficient ⌫ as a function of the external electric field E for the system PCDI:TNF, which proves the PR nature of the observed effect. The sample was poled at E pol ϭ 30 V/m. In addition to permanent poling, an external electric field is required for the photogeneration and the migration of the charge carriers by means of a hopping mechanism.
14 It should be noted that the sign of the gain coefficient ⌫ is the same for s and for p polarization of the writing beams, with a ratio of ⌫ p /⌫ s Ϸ 3. Since ⌫ ϰ ⌬n sin , 1 the ratio ⌬n p /⌬n s is approximately 3. This indicates the absence of a birefringent contribution to the modulation of the refractive index (orientational enhancement), in which case a ratio of 3 is expected from the corresponding components of the EO tensor. 6, 12 The external diffraction efficiency p for a p-polarized reading beam is plotted in Fig. 4 versus the external field strength E for the system PCDI:TNF. The curves correspond to different strengths of the electric field during poling (Fig. 2 ) and, consequently, to different EO coefficients. As the EO coefficient increases, so does the modulation of the index of refraction and, in accordance with Eq. (2), the diffraction efficiency p also rises. We observed values of p Ͼ 0.5% (Fig. 6 below) for samples of 25-m thickness and a poling field of E pol ϭ 50 V/m. Within the accuracy of the measurements, the results for the systems PCDT:TNF and PCDI:TNF are identical.
For the case of zero poling field, no PR effect is expected on account of the lack of optical nonlinearity. However, we also observed a nonvanishing p for unpoled samples.
There are two reasons for this effect: First, the chromophore orientation is not completely eliminated and permits a certain degree of in situ poling by the electric field applied during the PR measurements. Second, as a result of photoinduced trans-cis-trans isomerization cycles of azo dyes, the chromophores are oriented along the electric field during the PR experiments. This mechanism is generally known as photoassisted poling. 11, 15 From Eq. (2) the modulation of the index of refraction can be calculated. The results are shown in a log-log diagram in Fig. 5 . For the sake of clarity, the curves for E pol ϭ 20 V/m and E pol ϭ 40 V/m have been omitted. Table 1 shows the results of an algebraic fit of the form ⌬n ϭ aE b , with the fit parameters a and b. The results of this fit are also shown in Fig. 5 . For unpoled samples (E pol ϭ 0 V/m), the modulation of the refractive index, ⌬n, shows a quadratic dependency on E, whereas for E pol ϭ 50 V/m it becomes nearly linear. This can be explained as follows: For organic PR systems in which orientational enhancement is present, the expected variation of ⌬n with E is quadratic. 6 This is caused by the linear dependency of 33 (2) (Ϫ; , 0) on the poling field in combination with the Pockels effect, which is also linear in E. For permanent poling and absence of orientational enhancement, however, the Pockels effect dominates, and the dependency should become linear. The measurements indicate that chromophore orientation during the PR experiments is still possible to some small degree, but the pure Pockels effect clearly dominates in poled samples.
For these measurements the direction of the applied electric field E was the same as that of the poling field E pol . When the direction of E is reversed, the ⌬n achieved for the poled samples is slightly less than the ⌬n for unidirectional E and E pol . The difference is approximately twice the value of the ⌬n reached for unpoled samples. This dependency also shows a small degree of chromophore orientation after poling, which is due to the mechanisms discussed above. Figure 6 compares the diffraction efficiencies for s-and p-polarized reading beams s and p as a function of the external electric-field strength. The PCDI:TNF sample was poled at E pol ϭ 50 V/m. For zero electric field, the diffraction efficiency s is nonzero, which indicates the presence of a second type of grating. Because of transcis-trans photoisomerization cycles, the azo chromophores in the bright regions of the interference pattern are reoriented in a direction perpendicular to the polarization of the writing beams to minimize the transition probability. 16 This leads to the formation of a birefringence-based grating, which is independent of the electric field and does not show a phase shift with respect to the light pattern. According to Sandalphon et al., 17 a reading beam with the same polarization as that of the writing beam is much more sensitive to the grating than is the beam with the perpendicular polarization. The writing beams were s-polarized in our case; hence s for E ϭ 0 V/m is not zero.
It should be noted, however, that the sign of the refractive-index modulation ⌬n s for the photoisomerization grating is the same as that for the PR grating, which can be seen from the constant monotone increase of ⌬n s versus E. In azo-dye-doped guest-host systems on the other hand, where strong orientational enhancement is present, the respective signs are different, and a competition between photoisomerization grating and PR grating can be observed. 18 This is corroborated by the results of the gain measurements for our fully functionalized systems, where identical signs were observed for ⌬n p and ⌬n s . We have determined the response times of our system, by single-exponential fits of the form
to the decay of the diffraction efficiency after blocking one of the writing beams. The time constant corre- Fig. 5 . Modulation of the index of refraction, ⌬n p , for p polarization for PCDI:TNF as calculated from the data of Fig. 4 . The lines are algebraic fits to ⌬n(E) (see Table 1 ). sponds to the buildup or the decay of the space-charge field, which is proportional to the square root of the diffraction efficiency. 1 The factor 2 in the exponential of Eq. (3) takes this into account. Figure 7 shows the results. The response time exhibits a strong dependency on the external electric field and, for the system PCDT:TNF, becomes as short as 200 ms. For PCDI:TNF the response time is longer by a factor of 5, which is most likely a result of inferior photoconductive properties. Obviously, the connecting diacid moiety between the photoconducting and the nonlinear-optical functionality must be held responsible for the difference between the response times of the systems. For a deeper understanding, the photoconductive properties of the materials will have to be investigated in more detail.
CONCLUSION
We have presented a novel, fully functionalized photorefractive (PR) polymer based on polyester. The samples did not show any sign of degradation or loss in optical quality. The pseudo-main-chain architecture, in combination with the elevated glass transition temperatures, was aimed at a restricted orientational mobility of the nonlinear-optical chromophores at room temperature to enable permanent poling and to prevent orientational enhancement. We successfully demonstrated the required permanent poling of the samples. The PR properties have been determined, and it can be concluded that orientational enhancement is negligible for a poling field strength of E ϭ 50 V/m. This can be seen from the linear electric-field dependency of the refractive-index modulation ⌬n and from the ratio ⌫ p /⌫ s Ϸ 3. The response time of our material reaches 200 ms and is limited only by charge generation and transport processes. A contribution of chromophore reorientation to the response time can be excluded. In comparison with today's stateof-the-art guest-host systems, where response times of 50 ms (Ref. 4 ) have been achieved, our system is still inferior. However, we believe that this design strategy will allow for a further significant decrease of the response time when it is combined with high efficient chargetransporting polymers. 19 A modulation of the index of refraction of ⌬n ϭ 10 Ϫ3 was realized. This rather low value can be compensated for by an increased sample thickness to achieve diffraction efficiencies sufficient for PR applications.
